In this paper we use a Terahertz (THz) time-domain system to image and analyze the structure of an artwork attributed to Spanish artist Goya painted in 1771. The THz images show features that cannot be seen in the optical or X-ray images that providence evidence of its authenticity, which is validated by other independent studies. For instance, a feature with a strong resemblance with one of Goya's known signatures is seen in the THz images that cannot be detected otherwise. This paper shows the feasibility of using THz imaging in the field of authentication and characterization of artworks. This may be of great importance in cases where both the signature and specific features that are critical for the authentication of an artwork remain hidden to visible, infrared, or X-ray inspection methods.
INTRODUCTION
Terahertz (THz) radiation covers the part of electromagnetic spectrum between the microwave and far infrared bands (0.1 to 10 THz). THz has been extensively studied as a tool for spectroscopy in security [1] - [4] and pharmaceutical applications [5] - [8] . THz waves can also be used as a non-destructive evaluation tool because they can penetrate many materials (see through), such as plastic, paper, cardboard, canvas, and textiles, and their short wavelength allow generating images with spatial resolutions in the order of mm to sub-mm. For instance, THz imaging has been applied to study defects in insulation materials, composites, and in medical studies for cancer diagnosis. These features (e.g. see-through and sub-mm resolution) make THz technology particularly interesting in applications for the inspection of cultural heritage. The use of THz radiation in the field of culture heritage inspection began in the late 1990 decade [9] . However, it has been during the past recent years that different types of studies have been reported, such as imaging of Egyptian papyrus, THz spectroscopy of ancient pigments, and THz imaging and layer analysis of paintings and archeological objects [10] - [14] . In this paper, we use a THz time-domain system to image and analyze the structure of the famous artwork "Sacrifice to Vesta" painted by Spanish artist Francisco de Goya y Lucientes (Fuendetodos 1746 -Bordeaux 1828) in 1771. In particular, this paper demonstrates the potential of THz imaging to verify the authenticity of artwork pieces through the detection of hidden features that are not detectable by other means such as optical, X-ray, or infrared.
For the inspection, we use a commercial Mini-Z THz time-domain system manufactured by Zomega Terahertz Corporation that can be used for both imaging and spectroscopy applications.
SAMPLE AND EXPERIMENTAL
The painting, or sample, was inspected with a Mini-Z THz time-domain system configured for imaging in reflection geometry (Fig. 1a) . The Mini-Z implements a pump-probe scheme to generate and detect the THz pulses. The pump beam generates the THz pulse and it is delayed respect the probe beam, which is used to detect the pulse. The Mini-Z includes a femtosecond laser that pumps a photoconductive antenna (PCA) to generate a THz pulse (pump beam). The THz pulse is focused onto the sample surface using a high-density polyethylene (HDPE) lens Because the Mini-Z focuses the THz pulse on a single spot, the sample is set on a XY motorized stage so that the image can be generated in a raster scan mode. A manual micrometer controls the distance of the painting respect the Mini-Z in the perpendicular direction of the incident beam (Z-axis). A computer controls the stages and records the waveform at each position of the canvas, generating a cube of data. The scan duration depends on the desired resolution and the dimensions of the area being imaged and it could vary from a few hours to one week with waveform acquisition rates around 2 Hz. In this paper, the images are taken with a step size of 1 mm. Due to the dimensions of the painting and limited range of the XY stage, the painting was imaged in two half sections of 165 mm x 240 mm each. We measured one half first and then we rotated the painting to measure the other half.
Furthermore, each section was imaged in eight different subsections of 82.5 mm x 60 mm so that the computer could handle the size of the data file being generated. The images from each subsection were stitched together to create the image of the entire painting. In the THz images, the two main sections can be identified through different contrast due to slight changes in the orientation of the paint that changed the maximum reflected power. The title of the inspected artwork is "Sacrifice to Vesta" (Fig. 2a) . This painting is an oil on a canvas with dimensions of 33 cm by 24 cm that has been published as a Francisco de Goya's work in almost hundred art history publications and displayed in numerous exhibitions. Currently, the paint belongs to a private collection. This important work was painted by the young artist in 1771, almost certainly during his short but seminal visit to Rome. The significance of "Sacrifice to Vesta" lies not only in its aesthetic beauty and technical accomplishment, but also in its status as the earliest known signed and dated work by Goya. For this reason, this painting plays a key role in the understanding of the artist's early production and it provides an invaluable insight into the least documented phase of his long and brilliant career. In July 2007, a detailed investigation undertaken by leading Goya experts [15] endorsed the attribution to Goya. The study of the THz images provides an insight on the painting technique and the detection of features that cannot be seen in the visible image. In particular, the THz image provides a "texture feel" of the painting in which the intensity of the stroke, the density of the pigments, and structural features of the canvas all come together (Fig. 3) . For example, in the left upper corner in the THz image, a horizontal line and an arc are clearly seen. The horizontal line is attributed to the interaction of the wooden frame with the canvas, and the arc corresponds to some sort of mechanical defect of the canvas according to the evaluation of art experts. In the upper right corner, we can see wrinkles that could be caused by several effects such as mechanical tensions on the canvas (shrinkage or stretching), deterioration of pigments due to heat, erosion of the edges of the canvas due to fungi or the action of insects. In the THz image we can also distinguish the main strokes that give shape to the figures in the artwork.
However, the most surprising feature is found at the bottom right of the painting, which could correspond to Goya's signature. Goya signed his paintings with different signatures [16] and, one of them (Fig. 3b) could correspond to the observed traces. Enhancing the image on that particular area (Fig. 3c) , we can clearly distinguish the "ya" and a feature in front of them that could correspond to the "G". However, the "o" cannot be detected. Fig. 3d and Fig. 3e show the images resulting from computing the Fourier transform on the waveform and, therefore, provide the amplitude distribution at different frequency components. As expected, the alleged signature can be seen at high frequencies such as 0.8 THz (Fig. 3d) but it cannot be observed at the lower frequency of 0.46 THz (Fig. 3e ) because lower frequencies are not able to resolve the feature due to longer wavelengths. 
DISCUSSION AND CONCLUSION
The painting has been subjected to X-Ray (Fig. 4) and infrared studies [17] . Analyzing X-ray image in Fig. 4 , the authors of the study conclude that the canvas is not damaged because no gashes neither tears are observed. On the other hand, the wrinkles seen in the THz image on the upper right corner may indicate a slight deterioration of the painting that, although it does not compromise the integrity of the painting at present time, it may require some sort of restoration operation in the future. The authors studying the X-ray also claim that the X-Ray image shows modifications that the artist had done during the execution of the paint respect the final composition. They emphasize that vertical strip at the left of the female figure may indicate a correction in the position of the body, the face of the woman located at the center was initially conceived in three quarters while the final composition is nearly in profile.
However, the X-Ray image does not show any evidence of the alleged signature that is seen in the THz images.
It is likely that the signature was written using a pencil (basically carbon) and that the painting was covered by a top layer of finishing varnish that turned dark over time, hiding the signature to optical inspection. The fact that the signature cannot be seen in the X-ray image could be explained considering that the atomic weight of the carbon (signature) and surrounding canvas and paint is very similar and, thus, X-ray is mostly insensitive to this variation. On the other hand, THz waves are more sensitive to molecular composition and different reflectivity of carbon and the surrounding canvas can provide the mechanism for the detection of the signature in the THz image. 
